Abstract In this work, a new process called advanced reduction process (ARP) was used for nitrate removal from water. This ARP process combines sodium dithionite as reducing agent with ultraviolet irradiation using medium pressure lamps (UV-M) as an activating method. Experimental results showed that UV-M/S 2 O 4 2-process achieved almost complete removal of nitrate from aqueous solutions containing 25 mg NO 3 -/L using stoichiometric dose of dithionite of 68.8 mg/L at neutral pH conditions. Analysis of final products and material balance confirmed that NO 3 -ions were reduced to ammonium with formation of nitrite as intermediates in addition to the formation of small amounts of volatile species, mainly ammonia and nitrogen gas. Effects of certain experimental parameters including dithionite dose, initial pH, initial nitrate concentration, and UV light source on the kinetics and efficiency of nitrate reduction were evaluated. Increasing dithionite dose augmented the rate of nitrate reduction and enhanced the efficiency of ARP process. Dithionite doses higher than stoichiometric ratios led to complete removal of nitrate in shorter reaction time. UV-M/S 2 O 4 2-process was found to be effective only under neutral pH or alkaline conditions, and its removal efficiency is negligible in acidic medium (pH \ 4). Irradiation with UV-M was more effective than low pressure or narrow band lamps. These results can be attributed to the contribution of several mechanisms for nitrate reduction to ammonium. These include the following: direct photolysis, chemical reduction of nitrate dithionite, and mediated reduction of nitrate by free reducing radicals.
Introduction

Nitrate (NO 3
-) is one of the most widespread contaminants of ground water, due to its use as a fertilizer and its formation from other nitrogen forms in human and animal wastes. Also, it is naturally present in surface water resources at low levels due to the liquid-gas equilibrium between the water and air (Burow et al. 1998; Nolan and Hitt 2006; Rivett et al. 2008; Rupert 2008, Kundu and Mandal 2009) . Additionally, industrial wastewater discharges from industries such as pharmaceutical industry, oil and gas industry, and nuclear fuel processing industry are major sources of NO 3 -contamination (Burow et al. 2010 , Puckett et al. 2008 . Furthermore, improperly designed and installed sewer systems that may encounter failures or leaks as well as septic systems are also considered a major source of NO 3 -since they release nitrogen-rich waste to soil and groundwater.
Nitrate (NO 3 -) can cause severe disruption to human health and the environment (Tsezou et al. 1996; Gupta et al. 2000; Fan and Steinberg 1996; US EPA 2006 . Ingestion of large quantities of NO 3 -incapacitates the human's red blood cells as oxygen carriers leading to a fatal condition of methemoglobinemia, commonly referred to as ''Blue Baby Syndrome'' (Sanchez-Echaniz et al. 2001; Greer and Shannon 2005) . It can also have carcinogenic effects on humans (Preston-Martin et al. 1996; George et al. 2001; Volkmer et al. 2005) . Similar effects were noted on the aquatic life as fish that inhale water of high NO 3 -concentrations ([10 mg/L) also suffer lack of oxygen in the blood in a condition named ''Brown Blood'' (Knobeloch et al. 2000) . The presence of high NO 3 -concentrations generally damages the aquatic life since it stimulates reactions that consume oxygen in the water, leading to oxygen depletion.
Several treatment methods have been used for nitrate removal from water. NO 3 -removal using chemical reduction to nitrite and then to ammonia or nitrogen gas is gaining interest because of its high efficiency and costeffectiveness (Fanning 2000) . Some of the reagents that have been used are active metals. Methods include the addition of the metal in powder form to the solution (Murphy 1991; Huang et al. 1998; Pintar et al. 2001; Huang and Zhang 2004; Yang and Lee 2005; Liou et al. 2009) or setting up in a circuit to reduce NO 3 -electrochemically (Katsounaros et al. 2006; Ghafari et al. 2008; Li et al. 2010) . Use of active metals, however, showed many limitations in both forms; this is because they can only reduce small quantities of NO 3 -and deliver a mixture of ammonia, nitrogen, and nitrite, which is undesired. Different metals also work strictly under certain controlled pH conditions and may require low or elevated temperatures. Additionally, metal consumption is economically unattractive. Another reducing agent is ammonia which can reduce NO 3 -to nitrogen and nitrous oxide under elevated temperatures and pressures (Dell'Orco et al. 1997) . This reaction is difficult to control and is associated with many safety concerns. Borohydride is another reagent that has been studied and proven to reduce NO 3 -under neutral or basic conditions but it requires the addition of catalysts such as Cu or Zn . Formate and organic substances were also tested to form complex reactions that require the presence of initiators and catalysts (Bludenko et al. 2002) . Organic compounds (e.g., methanol) were used to reduce NO 3 -through a photochemical process but NO 3 -removal was only achieved under very high temperatures and pressures (Sato et al. 1996) . Hydrazine and hydroxylamine are reducing agents that burn rapidly in the presence of a salt catalyst to reduce NO 3 -to nitrite (Silva et al. 2007 ). This process is not attractive due to its safety hazards and catalyst consumption. Hydrogenation reactions at low pressure and in the presence of Cu-Pd bimetallic catalysts can reduce NO 3 -to nitrogen (Barrabes et al. 2006; Marchesini et al. 2008; Soares et al. 2011) . This reaction has limited reduction rate due to the difficulty of keeping H 2 in solution. Iron (II) is another agent that can reduce both nitrate and nitrite. Maximum removal of 93 % was noted under helium atmosphere with a Cu (II) catalyst (Ottley et al. 1997 ). All of the aforementioned methods have limitations either with removal efficiency, slow rate, cost-effectiveness, or safety hazards which make them unattractive for nitrate removal.
A new group of treatment processes that is based on producing highly reactive reducing radicals that can destroy oxidized contaminants by chemical reduction has been recently developed by our research group. These treatment methods are called advanced reduction processes (ARPs) and combine a reductant and activating method to produce highly reactive reducing free radicals. Dithionite ions (S 2 O 4 2-) are promising reductants for application in ARPs, because they have a weak S-S bond, which can be easily broken by activating methods into sulfur dioxide radical anions (SO 2
•-) (Hodgson et al. 1956; Rinker et al. 1959; Wasmuth et al. 1964; Yang et al. 2007 ). Dithionite ions absorb ultraviolet light at 315 nm which indicates that UV irradiation can provide enough energy to promote formation of SO 2
•-reducing radicals. Dithionite is a high production volume chemical, primarily because of its industrial use in bleaching wood pulp (Dence 1996; Ellis 1996; Lindholm 1999; Pemberton, et al. 1995) and its use in dyeing textiles, which helps to maintain its relatively low price of $0.76/lb (The Innovation Group 2008) . In addition to its industrial uses, dithionite is widely used by soil scientists to reductively extract iron from soils (Gan et al. 1992) . The ability to reduce iron has also been applied to developing in situ aquifer remediation technology where iron in aquifer solids is reduced by dithionite and the reduced iron subsequently reduces oxidized contaminants (Szecsody et al. 2004; Ludwig et al. 2007) .
The purpose of this research work was to investigate the reduction of nitrate by ARPs that combines UV irradiation using medium pressure lamps (UV-M) emitting light in the range of 200-600 nm with dithionite ions (UV-M/S 2 O 4 2-). The effects of certain experimental parameters on the kinetics and efficiency of nitrate reduction were evaluated. An empirical kinetic model that describes the rate of nitrate reduction was developed.
The current study was carried out at laboratory of Environmental Engineering, Department of Chemical Engineering at Texas A&M University at Qatar, Doha, Qatar, during the period from January 2012 to June 2012.
Materials and methods
Chemicals
Sodium nitrate (NaNO 3 ) and sodium nitrite (NaNO 2 ) were analytical grade chemicals (purity [99 %) purchased from Sigma-Aldrich and Fluka. Sodium hydrosulfide (Na 2 S 2 O 4 ) of purity over 82 % was provided by Sigma. The other chemicals such as sulfuric acid, sodium hydroxide, sodium phosphate, ammonium sulfate were of analytical grade and were provided by Sigma-Aldrich or VWR. All solutions were prepared with deionized deoxygenated water (DDW) obtained from a Milli-Q system, with resistivity [18 MX cm at 25°C and purged with nitrogen gas.
Analytical methods
The analyses of nitrate and nitrite were performed by ion chromatography using Dionex ICS-2000 ion chromatograph. The chromatograph was equipped with AS autosampler, IonPac AG19 guard column (4 9 50 mm), IonPac AS19 separation column (4 9 250 mm), ASRS 300-4 mm suppressor, DS6 conductivity cell, and eluent generator (EGC). The mobile phase was 20 mmol/L (mM) aqueous solution of potassium hydroxide (KOH) at a constant flow rate of 1 mL/min, and it was prepared manually or automatically with EGC. Standard solutions of nitrate and nitrite were prepared by dilution of stock solutions to concentrations ranging from 1 ppm to 100 mg/ L. All calibration curves were linear with correlation coefficients (R 2 ) higher than 0.99. Method accuracy and precision were determined by measuring seven replicates at two levels. Total nitrogen (TN), nitrate/nitrite Nitrogen (NN), and Total Kjeldahl Nitrogen (TKN) were monitored using Skalar Formacs HT TOC/TN analyzer. The pH was measured by VWR pH meter (model SympHony).
Experimental procedures
Batch experiments were conducted to determine the kinetics of nitrate reduction by UV-M/S 2 O 4 2-process. All solutions were prepared with deionized and deoxygenated water (DDW) under anaerobic conditions assured by a flexible vinyl anaerobic chamber (Coy Laboratory Products Inc., USA) filled with 99.99 % nitrogen and equipped with an oxygen and hydrogen analyzer, fan boxes and palladium catalyst STAK-PAK. To prepare DDW, deionized water was purged with 99.99 % nitrogen (or argon) for 2 h and kept in the anaerobic chamber overnight until use. All experiments were performed in duplicate in 17 mL quartz cells (Starna 32/Q/10, Spectrosil Ò Quartz) with 10 cm optic path length and fitted with PTFE stopper. UV irradiation was conducted using medium pressure mercury lamp (TQ150, UV-consulting Peschl, Germany) emitting polychromatic UV light between 200 and 600 nm with a power input of 150 W. During UV-M irradiation experiments, quartz cells containing a mixture of nitrate and dithionite, and UV lamp were enclosed in a box to ensure safe operation and to prevent exposure to extraneous light. The beam was parallel, and the distance between lamp and the cells was adjustable to control the light intensity. The lamp was warmed up for 10 min to reach constant output, and then irradiation experiments started. Samples were taken after the desired reaction time and immediately analyzed for the target compound(s).
In order to verify the efficacy of combining UV-M and dithionite, nitrate reduction using dithionite alone and UV-M alone was also tested.
Results and discussion
Preliminary experiments were conducted at room temperature and under neutral pH to evaluate the viability of the UV/dithionite process. Figure 1 presents 
As it can be seen, UV-M irradiation alone and chemical reduction with S 2 O 4 2-ions removed around 18 % and 10 % of nitrate after 240 min, respectively. However, the combination of UV irradiation with S 2 O 4 2-ions, under same operating conditions, resulted in complete removal of nitrate.
These results can be interpreted as follows:
• Direct photolysis of nitrate ions by UV-M irradiation can cause a decrease in nitrate concentration through the production of nitrites ions and oxygen according to the following reaction (2): 
• Water radiolysis by UV light can also produce reductive and oxidative free radicals as given by reaction (3):
These radicals can participate in reducing nitrate concentration.
• It is well known that S 2 O 4 2-ions are highly reductive species in water. These ions can react with nitrate ions and reduce them, but they are not powerful enough to completely transform them into highly reduced forms.
• Dithionite irradiated with UV-M produces sulfur dioxide anion radicals (SO 2 •-) (called also sulfoxyl radicals) by homolytic rupture of the weak S-S bond of S 2 O 4 2-. These instable and powerful reducing radicals react rapidly with nitrate and completely remove them from water. These experimental results demonstrated that the UV/ S 2 O 4 2 process can be applied effectively to reduce nitrate into ammonium and nitrogen gas in neutral conditions. The efficiency of this process is related to the formation of powerful reducing free SO 2 -• radicals and other reducing species produced by photodecomposition of S 2 O 4 2-ions by UV-M irradiation as given in the following Eqs. (4, 5, 6). Effects of certain experimental parameters including dithionite dose, initial pH, UV light, and initial nitrate concentration on the rate and efficiency of UV-M/S 2 O 4 2-ARP process should be optimized to maximize rate and efficiency of nitrate removal from water with reasonable doses of reducing agent and reasonable energy requirements.
The initial concentration of dithionite determines the efficiency of UV-M/S 2 O 4 2-process as dithionite is the source of free reducing radicals involved in the mechanism of nitrate reduction and formation of intermediates. Effect of S 2 O 4 2-dose on nitrate removal was evaluated at constant pH (7.0), temperature (23-25°C), and initial nitrate concentration (25 mg NO 3 -/L). S 2 O 4 2-dose was varied from 14.1 to 227 mg/L. Figure 4 presents the effect of S 2 O 4 2-dose on nitrate reduction with time. The increase in dithionite concentration enhanced both kinetics and efficiency of nitrate reduction. Nitrate removals of 66 and 86 % were obtained for 14.1 and 28.2 mg/L dithionite, respectively. However, more than 99.9 % of nitrate was removed for dithionite dose of C68.8 mg/L which corresponds to (dithionite-nitrate) stoichiometric ratio of C4:3. Results shown in Fig. 4 indicate that the kinetics of nitrate reduction by UV-M/S 2 O 4 2-system follows a pseudo-firstorder reaction regardless of initial dithionite concentration in the range of 10-250 mg S 2 O 4 2-/L. Thus, the kinetics of nitrate reduction by UV-M/S 2 O 4 2-process can be described by the following simplified empirical pseudo-firstorder equation:
where [NO 3 -] is the concentration of nitrate after reaction te ''t'', k app is the apparent rate constant of nitrate reduction.
According to this hypothesis, the rate equation can be integrated considering the boundary conditions ½NO 2-dose can be explained as follows:
• For low S 2 O 4 2-doses, the amount of SO 2 -• radicals generated by UV irradiation of dithionite ions is not high enough to totally remove nitrate from water (Drozdova et al. 1998; Liu et al. 2011 ). • The increase in dithionite concentration enhances the production of SO 2 -• radical generated from the photodecomposition of dithionite ions with UV-M irradiation which leads to increasing the rate of nitrate reduction and improving the efficiency of UV-M/ S 2 O 4 2-process.
• Increasing S 2 O 4 2-doses higher than 68.8 mg/L slightly increased the rate of nitrate reduction; however, similar efficiencies of UV-M/S 2 O 4 2-process are obtained for all S 2 O 4 2-doses toward the end of the experiment.
• If S 2 O 4 2-dose becomes higher than certain value, secondary reactions such as SO 2 -• radicals' recombination and dithionite disproportionation (reactions 9, 10, 11) (Kovacs and Rabai 2002; Read et al. 2001 ) will be accelerated and no significant production of SO 2 -• will be observed. 2SO
Therefore, no significant change in the rate of nitrate removal will be observed for high doses of S 2 O 4 2-above stoichiometric ratios. Figure 6 shows the changes of nitrate concentration with time during UV-M/S 2 O 4 2-process treatment of aqueous solutions containing 25 mg/L nitrate with 68.8 mg/L dithionite at different initial pH values. It is markedly observed that no significant change in nitrate concentration was obtained at acidic conditions (pH 3.8). This could be due to the protonation of dithionite in acidic media. For neutral and alkaline pH conditions, almost total removal of nitrate was achieved after 240 min. However, decay of nitrate concentration under un-controlled pH (initial pH = 6.8) conditions was more rapid than that observed in phosphate-buffered solutions at pH 7 and 9.2. The results presented in Fig. 7 show minor effect of initial pH on nitrite formation/decay. For un-controlled pH conditions, formation and decay of nitrite ions was more rapid than that observed at neutral and alkaline buffered solutions. Furthermore, after 240-min treatment, nitrite was totally removed at un-controlled pH conditions; while small amounts of nitrite were detected at pH 7.0 and 9.2 buffered solutions. The experimental results of pH effects on nitrate removal by UV-M/S 2 O 4 2-process can be explained as follows:
• Under acidic conditions (pH \ 4), fast auto-decomposition of dithionite ions occurs to form intermediates such as HSO 3 -, SO 3 2-, S 2 O 3 2-, S 3 O 6 2-, S 2 O 5 2-, which occurs in acidic pH (Danehy and Zubritsk 1974; Holman and Bennett 1994; DeCarvalho and Schwedt 2001) . Decomposition of dithionite would reduce the production of SO 2 -• , which would slow degradation of nitrate.
• At neutral and alkaline pH conditions, S 2 O 4 2-will be the dominant species, and it is easily activated by UV-M light and decomposes into SO 2 -• radicals that reduce nitrate efficiently.
• The fact that the rate of nitrate reduction in un-buffered is higher than the corresponding rate in phosphate- 2,400 ± 10, room temperature (22-23°C), pH 3.8-9.2 buffered solutions could be due to the UV light absorbance by phosphate buffer and decrease in the available light that activates dithionite to produce the reactive radicals. These results can be interpreted by the fact that the high concentrations of dithionite concentrations present at high initial nitrate concentrations resulted in decreasing the quantum yield of S 2 O 4 2--photodecomposition into SO 2 -• radicals. Increasing the lamp power might be required to achieve high nitrate removal efficiency when nitrate concentration in water is higher than 50 mg/L. The effect of lamp power was not part of this study. Moreover, high dithionite concentrations promote the consumption of S 2 O 4 2-by side reactions (Eqs. 9, 10, 11), and as a result, the efficiency of UV-M/S 2 O 4 2-process decreases. Additionally, high concentrations of nitrate and dithionite lead to the accumulation of nitrite ions which absorb more UV light and then decrease the quantum yield. Figure 10 presents the effect of UV light type on the rate and efficiency of nitrate reduction with time during UV/ S 2 O 4 2-treatment of aqueous solutions containing 25 mg/L nitrate with 68.8 mg/L dithionite and un-controlled pH. UV irradiation sources are low pressure (UV-L), medium pressure (UV-M), and narrow band (UV-N) UV lamps. UV-L and UV-N lamps emit monochromatic UV light at 254 and 308 nm, respectively, while UV-M lamp emits polychromatic UV light in the range 200-600 nm. Only UV-M/S 2 O 4 2-combination achieved complete removal of nitrate. UV-N/S 2 O 4 2-combination was more efficient than UV-L/S 2 O 4 2-. The observed difference of nitrate removal efficiency between UV-L and UV-N irradiation could be due to the fact that UV-N bulb produces almost all of its light at wavelengths near the maximum absorption of dithionite. Dithionite has an absorption peak in the ultraviolet near 315 nm. This wavelength is far from the wavelength that UV-L bulb emits and thus dithionite activation with UV-N to produce reducing radicals is more desirable than with UV-L. The highest efficiency of UV-M/ S 2 O 4 2-process compared to UV-L and UV-N can be explained by the contribution of several routes in the mechanism of nitrate reduction. These engage the following: (1) direct photolysis of nitrate and its intermediates by UV-M irradiation, (2) chemical reduction of nitrate and its intermediates by dithionite and its by-products, (3) mediated reduction of nitrate and its intermediates by the free reducing radicals generated from photodecomposition of S 2 O 4 2-.
Conclusion
The combination of UV irradiation using medium pressure lamp and dithionite (UV-M/S 2 O 4 2-) was used to remove nitrate from water. This photochemical process produces sulfur dioxide reducing radical anions (SO 2
•-) by symmetric dissociation of S 2 O 4 2-. SO 2 •-species are instable and powerful reducing radicals capable of rapidly and efficiently reducing persistent oxidized species. UV-M/ S 2 O 4 2-attained almost complete reduction of nitrate into ammonium and small amounts of volatile nitrogen species with formation of nitrite as intermediates. UV-M irradiation alone or chemical reduction with S 2 O 4 2-ions alone was not effective for nitrate removal. Nitrate reduction by UV-M/S 2 O 4 2-process follows pseudo-first-order kinetics. The apparent rate constant of nitrate reduction increases with increasing dithionite dose, but it decrease when nitrate concentration increases. UV-M/S 2 O 4 2-process can completely remove nitrate from water under neutral and alkaline conditions. However, it is ineffective in acid media (pH \ 4). UV light source (UV-L, UV-M, or UV-N) has a significant influence on kinetics and efficiency of nitrate removal. Only UV-M/S 2 O 4 2-combination achieved total removal of nitrate. Also, UV-N/S 2 O 4 2-system was more efficient than UV-L/S 2 O 4 2-.
